4A3444).
Introduction
The crustacean Artemia frunciscana is characterized by its capacity to live under conditions of high salinity (Lenz and Browne, 1991) . Because of this, the Na,K-ATPase, one of the enzymes involved in maintenance of osmotic homeostasis, has been studied in great detail for several years (reviewed in Peterson et al., 1982) . This enzyme is a heterodimer composed of one a-subunit, homologous to other P-type ion-transporting ATPases, and one P-subunit, specific for the Na,K-ATPase (Lingrel et al. 1990 ). Biochemical and electrophoretic studies performed in Artemia have allowed identification of two different a-subunits and one P-subunit (Peterson et al., 1978) . Complementary DNA clones have also been isolated that code for one P-subunit and two different a-subunits (Macias et al., 1991; Bhattacharyya et al., 1990; Baxter-Lowe et al., 1989) . The amino acid sequences predicted from two a-subunit cDNA clones are only 74% identical, showing that they are encoded by two different genes. The existence of more than one gene for the a-subunit in Artemiu is similar to the situation in vertebrates, in which three functional genes coding for Na,K-ATPase a-subunits have been described (Lingrel et al., 1990) . On the contrary, only one a-subunit gene exists in Drosophila (Levobitz et al., 1989) .
The existence in Artemiu of two Na,K-TPase a-subunits raises a number of interesting questions about the possible role of each protein. Biochemical studies have shown that the two a-subunits identified by their electrophoretic mobility have a different temporal pattern of expression during Artemia development (Peterson et al., 1982) . They are also differently expressed in the gut and the salt gland (Cortas et al., 1989) , suggesting that they accomplish different physiological functions. Unfortunately, the lack of antibodies specific for each a-subunit has hindered further studies on the tissue specificity of expression and physiological function of each of them.
The temporal pattern of expression of the mRNAs encoded by the two a-subunit cDNA clones is also different (Escalante et al., 1994) . The similar pattern of expression of the mRNA coded by one of the clones and the electrophoretically defined a2-subunit suggests that this cDNA clone codes for the a2-subunits (Sun et al., 1992) . The availability of cDNA clones allows a more detailed study of the expression of each a-subunit by in situ hybridization techniques, which have been already carried out for the pand a2subunits (Sun et al., 1992) . The temporal and spatial patterns of expression of these subunits are partially overlapping, but the pattern of expression of the P-subunit is broader than that of the a2subunit, suggesting that another a-subunit(s) must be expressed in the tissues where the P-subunit is expressed but the a2-subunit is not. In this study we investigated the expression of the mRNA encoded by the al-subunit cDNA clone by in situ hybridization. We hope that these studies will help to elucidate the correlation between the isolated cDNA clones and the identified protein isoforms and to establish the physiological role of each of them.
Materials and Methods
Animal Culture and Tissue Preparation. Artemia cysts were purchased from San Francisco Bay Brand (Newark, CA; lot number SFBB3556, acquired in February, 1987) . Cysts were hydrated and cultured in reconstituted seawater as described previously (Osuna and Sebastiin, 1980) . After 24, 45, or 62 hr of culture, the nauplii or larvae were collected and washed several times with methanol until all the pigments were extracted. The animals were washed twice in PBS and fmed overnight at 4°C in 4% paraformaldehyde in PBS (133 mM NaCI, 10 mM potasium phosphate, pH 7.4). After fixation, the animals were equilibrated in 30% sucrose in PBS for 2 hr at 4'C. embedded in OCT (Miles; Elkhart, IN) , and frozen at -70'C.
Probe Labeling and In Situ Hybridization. DNA probes (300 ng) were labeled with digoxigenin using the DIG labeling kit from Boehringer Mannheim (Indianapolis, IN) according to the manufacturer's instructions and were purified by filtration through NICK columns from Pharmacia (Uppsala, Sweden). Animals were cut into 10-pm slices with a cryotome and the slices were fixed on Silane-coated slides (Sigma; St Louis, MO) by drying them for at least 2 hr at room temperature (RT) and incubating them with 4% paraformaldehyde in PBS for 20 min at RT. The preparations were washed two times in PBS for 10 min each and incubated with 20 pglml of proteinase K in 50 mM Th, 5 mM EDTA, pH 8.0, for 5 min, washed in PBS for 5 min, and fixed again with 4% paraformaldehyde in PBS for 20 min at RT. After three washes with PBS for 10 min each, the preparations were pre-hybridized in 4 x SSC, 50% formamide, 1 x Denhardt's, 0.5 mg/ml calf thymus DNA, and 0.25 mg/ml Torula RNA at S O T for 2 hr. Hybridizations were carried out overnight at 50°C in the same buffer, except for the absence of Denhardt's and the addition of 50-100 ng/ml of the probe. The preparations were washed at 50°C for 30 min in each of the following solutions: 2 x SSC, 1 x SSC, 0.5 x SSC, and 0.1 x SSC. The preparations were then washed once in PBT (PBS containing 0.05% Tween 20) for 5 min and incubated with a 1:lOOO dilution in PBT of the anti-digoxigenin antibody coupled to alkaline phosphatase (Boehringer Manheim) overnight at 4'C. The hybridizations were washed three times for 20 min each in PBT and once in 100 mM Pis, 100 mM NaCI, 50 mM MgC12, pH 9.5, for 5 min. Alkaline phosphatase activity was detected by incubation with NBT (nitroblue tetrazolium chloride) and X-phosphate (~-bromo-4-chloro-3-indolyl-phosphate), as indicated in the Boehringer Mannheim DIG Detection Kit, except for the addition of 0.24 mg/ml of levamisole (Sigma). Staining was usually allowed to proceed for 3-4 hr at RT, except in some experiments in which the samples were stained for 15 hr. Nuclear DNA was stained by incubating the preparations in 1 Bglml ofH33258 in TE (10 mM Tris, 1 mM EDTA, pH 8) for 10 min. Preparations were washed for 5 min in TE and mounted in Mowiol4-88 (Aldrich Chemie; Steinheim, Germany) for microscopic observation by light and/or W illumination.
Cloning of the a2-Subunit Probe. A fragment of the a2-subunit "A, from nucleotide 6 to nucleotide 894 of the described cDNA sequence (Baxter-hwe et al., 1989) , was amplified by reverse transcribed PCR from 20hr cultured cysts RNA according to Kawasaki (1990) . The nucleotide sequence of the oligonucleotides used for the reverse transcribed PCR was 5'-CCTGTACTAACAGTGG'LTCC-3' and 5'-ATTACAGCAAATACAGCA-GC-3'. The amplification product was cloned in the pGEMT vector from Promega (Madison, WI). The identity of this fragment was ascertained by nucleotide sequencing by the dideoxy chain-termination method as modi-fied by Chen and Seeburg (1985) . using the Applied Biosystem (Birmingham, AL) Taq Dye Deoxi Terminators Sequencing Kit and the 373A DNA Sequencer.
Northern Blot Analysis. Artemia cysts were cultured for 4, 8, 12, or 16 hr and the RNA extracted by the method described by Escalante et al. (1994) . Fifteen pg of each RNA was analyzed on 1.5% agarose-2.2 M formaldehyde gels and transferred to nylon membranes (Zetaprobe; BioRad, Richmond, CA). Filters were hybridized to cDNA probes, labeled with [u-~'P]-~CTP using the "Ready-to-go" labeling kit from Pharmacia. Hybridizations were made in a solution of 50% formamide, 6 x SSC (1 x SSC-150 mM NaCI, 15 mM Na-citrate, pH 7.6), 1% SDS, 5 x Denhardt's, 100 pg calf thymus DNA/ml, and lo6 cpm/ml of the probe at 42'C for 15 hr. Filters were washed three times in 2 x SSC, 0.1% SDS at 65'C for 30 min each time.
Results

Expression of Na,K-ATl?ase a-Subunits in Second-instar Larvae
cDNA clones have been isolated that code for two different Artemia Na,K-ATPase a-subunits: the pArATNal36 cDNA clone (Macias et al., 1991) and several overlapping cDNA clones coding for the a2-subunit ( B a x t e r -h e et al., 1989) . The nucleotide sequence of these cDNA clones has shown that the two a-subunits differ at 26.4% of their predicted amino acid sequences, suggesting that they would not cross-hybridize under stringent hybridization conditions. Macias et al. (1991) had shown that the pArATNal36 insert does not hybridize with the a2 mRNA. O n the basis of these data, two cDNA probes were prepared to study the tissue specificity of expression of the two Na,K-ATPase a-subunits by in situ hybridization: the complete pArATNal36 cDNA insert and a fragment of the 5' end of the a2-subunit that presented a relatively low homology to pArATNal36 and was cloned by reverse transcribed PCR (see Materials and Methods). The nucleotide sequence of the PCR product was determined and was found to be identical to that previously reported for the a2-subunit. The hybridization of these two probes to total RNA from 4-, 8-, 12-, and 16-hr-old embryos is shown in Figure 1 . The conditions used to wash these filters (2 x SSC, 0.1% SDS at 65°C) were less stringent than the ones used in in situ hybridization experiments (0.1 x SSC at 50°C) to better ascertain the specificity of the probes. As shown in Figure 1 , the pArATNal36 probe specifically hybridized to a 4.5 KB mRNA and the a 2 probe hybridized to a 3.6 KB mRNA. The two mRNAs also differed in their temporal pattern of expression: the pArATNal36 mRNA was present at 4 hr of development, increasing at later stages; the a 2 mRNA was not expressed at 4 hr of development but its expression was induced at 8 hr and in later stages. These results are in agreement with the previously described pattems of expression of these two genes (Escalante et al., 1994; G u o and Hokin, 1989) . Figure 2 is a schematic representation of the morphology and main organs of a second-instar Artemia larva, as well as two of the sections shown in this study, a transverse section of the head region ( Figure 2A ) and a longitudinal section ( Figure 2B ).
The results obtained after in situ hybridization of second-instar larvae (45 hr of culture) using the pArATNal36 probe are shown in Figures 3A and 3C periments are shown in Figures 3G and 3H . in which the slides were either treated with RNAse A before hybridization to the pArATNal36 probe ( Figure 3H ) or hybridized with digoxigeninlabeled pUC18 plasmid vector ( Figure 3G ). The latter section was stained for 15 hr. whereas the other sections in this figure were stained for 3 hr. Figures 3B and 3F show the H33258 staining of nuclear DNA of the sections shown in Figures 3A and 3E . respectively, to facilitate identification of the different organs and tissues. In situ hybridization experiments showed a distinct hybridization of the pArATNal36 probe in three organs: the salt gland, located in the dorsal head region (SG in Figures 3A and 3D-3F) , the antennal gland, located at the base of the antenna (AG in Figures  3A an 3D-3F ). and the end ofthe midgut (G in Figures 3A and 3C) .
Because the spatial pattem of expression of the pArATNal36 mRNA was different from that described for the a2-subunit, we wanted to compare them under the same experimental conditions. Hybridization of similar sections of second-instar larvae with the pArATNal36 and a2-subunit probes is shown in Figure 4 . As also shown in Figure 3 , the pArATNal36 probe hybridized in the salt gland ( Figures 4A and 4B) , midgut (Figure 2A ). and antennal gland ( Figure 4B gland (Figures 4C and 4D) . Longitudinal sections of the midgut ( Figure 4C ) and transverse sections of the antennal gland ( Figure  4D ) showed no hybridization of the a2 probe in these organs. The hybridization signal obtained with the a2 probe was also lower, , and hybridized to (A,C,D-F,H) digoxigenin-labeled pArATNal36 cDNA insert or (0) pUC18 vector.
(H)
The slide shown was incubated with 50 pg/ml of pancreatic RNAse for 30 min at room temperature before hybridization to the pArATNal36 probe. (B,R Images obtained after nuclear staining with the H33258 fluorescent dye of the sections shown in A and E, respectively. Expression of the mRNA is observed in three organs, indicated by arrows: the antennal gland (AG), the salt gland (SG), and the end of the midgut (G). Original magnifications; A,B,G,H x 200; c-F A,B , and E. The hybridization signal obtained with the a2 probe on the salt gland (SG) is also indicated by arrows in C and D. (F) E33258 staining obtained in the section whose hybridization is presented in E (G, midgut). Original magnification x 400. Bars = 100 pm. and the sections shown in Figures 4C and 4D had to be stained for 15 hr instead of the 3 hr used for Figures 4A and 4B. antennal gland ( Figure SB) , and the midgut (Figures 5A and SE) . The expression in the salt and antennal glands was comparatively weaker than in second-instar larvae. In fact, the section shown in Figure 5B had to be stained for a longer time, 15 hr, to detect the hybridization signal. Figure 5F shows the H33258 staining of the longitudinal section shown in Figure 5E to better distinguish the end of the digestive tract at this stage of development when the midgut, of endodermic origin, is not open at its posterior end and is not connected to the proctodeum, of ectodermic origin. The expression of pArATNai36 mRNA was restricted to the endodermal cells in the midgut, as shown in Figure SE. The expression of the a2-subunit in first-instar larvae is shown
Expression of Na,K-AlFase a-3'u&unzts m First-and Third-instar Larvae
The expression of pArATNal36 &A was analyzed in recently emerged nauplii (first-instar larvae obtained after 24-hr incubation of the cysts) by in situ hybridization. The results are shown in Figures SA, 5B , and SE. The main sites of expression at this stage of development were also the salt gland ( Figures 5A and 5B) , the in Figures 5C and 5D . The a2-subunit was strongly expressed in the salt gland at this period of development, but no hybridization could be observed in the midgut in longitudinal sections, as shown in Figure 5C , or in the antennal gland in the transversal sections ( Figure 5D ).
The expression of the a-subunits was also analyzed in thirdinstar larvae (62 hr of culture of the cysts). The hybridization of the pArATNal36 probe is shown in Figures 6A-6C . At this stage of development, the main sites of expression continued to be the salt gland ( Figures 6A and 6C) , the antennal gland ( Figures 6A  and 6C ), and the midgut ( Figure 6B ). Although the expression of the pArATNal36 mRNA was high in these three organs, expression of the a2 mRNA continued to be restricted to the salt gland ( Figure 6D ). The a2 expression was much weaker in third-instar larvae than in previous stages of development, as described previously (Guo and Hokin, 1989) and the preparations had to be stained for a longer time than for first-instar larvae (15 hr instead of 3 hr) to detect the expression.
Discussion
The Na,K-ATPase a-subunit coded by the cDNA clone pArATNa 136 was shown to be expressed in three main organs: the salt gland, the antennal gland, and the midgut. These data probably reflect the organs in which the expression of pArATNal36 is higher, but we can not exclude the possibility that this mRNA is also expressed in other organs, although at a much lower level. The pattern of expression observed was the same in the three first stages of larval development that were studied, although the level of expression in these organs and, in particular, in the salt and antennal glands, increased during development. These data are in agreement with previous results showing that the steady-state level of this mRNA increases during this period of development (Sastre et al., 1989) .
The temporal and spatial patterns of expression of the pArATNal36 mRNA correlate well with those described for the biochemically defined al-subunit. The amount of al-subunit increases during development (Peterson et al., 1982) as the pArATNal36 does (Escalante et al., 1994; Sastre et al., 1989) whereas the a2-subunit and the a2 mRNA peak at early stages of development and decrease thereafter. Furthermore, the al protein isoform has been shown to be expressed in the salt gland and midgut (Cortas et al., 1989) as found for the pArATNal36 mRNA, but the a2 mRNA is not expressed in the midgut. Taken together, these results suggest that the pArATNal36 cDNA clone codes for the al-subunit of the Na,K-ATPase.
The pattern of expression of the pArATNal36 mRNA closely resembles that of the Na,K-ATPase B-subunit (Sun et al., 1992) . Both mRNAs are coexpressed in the salt gland and the antennal gland at all stages of development studied, whereas the a2 mRNA is expressed only in the salt gland. Both the pArATNal36 mRNA and the 0-subunit mRNA are also expressed at high levels in the tail region (Sun et al., 1992) . The data reported here show that this tail region expression is restricted to the posterior end of the midgut for the pArATNal36 mRNA, with decreasing levels of expression at more anterior regions. Sun et al. (1992) have found high levels of expression of the (3-subunit at the tail region; this was interpreted as epidermal, although the expression in the midgut can not be excluded from these data.
There are other regions of the larvae in which expression of the 0-subunit has been described and no expression of the pArATNal36 or a2 mRNAs could be detected, such as the epidermal cells and the nervous system. It is possible that the level of expression of the two a-subunits is much lower in epidermal cells and nervous system than in the salt gland, antennal gland, and gut, and was therefore not detected. We have tried to increase the time of development of the alkaline phosphatase activity to detect possible expression of the a-subunits in other regions, but a simultaneous increase in background staining made the interpretation of these experiments very difficult and no consistent conclusion could be reached. Alternatively, a third a-subunit isoform might be expressed in these regions. Detection of the expression of a-subunits in these tissues using a non-isoform-specific antibody (Sun et al., 1991) would be in agreement with this hypothesis.
It is interesting that the three organs in which expression of pArATNal36 mRNA is detected are the three main osmoregulatory organs in Artemia larvae. As mentioned in the Introduction, Artemia can live in hypersaline waters. The nauplii use a saltsecreting organ, the salt gland, to regulate their internal osmotic and ionic media (Conte, 1984) . This organ is progressively lost at later stages of development, when the major organs of osmotic regulation are adapted to become certain of the glands found in the metepodites of the thoracic appendages and the antenna and maxillary glands (Holliday et al., 1990) . High levels of Na,K-ATPase activity have been found in these regions, and these levels increase when the animals are cultured under conditions of high salinity (Holliday et al., 1990) . High levels of Na,K-ATPase activity have been also found in the gut of larvae (Crotas et al., 1989) and adult animals (Holliday et al., 1990) , and are believed to be related to water uptake mediated by Na influx to the gut (Smith, 1969) . The pattern of hybridization observed with the pArATNal36 probe, together with the high level of expression of this mRNA during larval development and in adult animals (Escalante et al., 1994; Sastre et al., 1989) . suggests that this is the main a-subunit involved in osmotic regulation. The overlapping expression of the a2 mRNA in the salt gland in first-and second-instar larvae suggests that this subunit might also have an osmoregulatory function at these early stages of development and that this function is replaced at later stages by the pArATNal36 a-subunit.
